1. Introduction {#sec1-biomolecules-09-00532}
===============

Collembola (also referred to as springtails) are the world's most abundant hexapods (arthropods and insects) and can be found in diverse habitats, from the tropics to the poles \[[@B1-biomolecules-09-00532]\]. Collembola, an ancient group of organisms, forms a separate class within the phylum Arthropoda. These arthropods can survive at low temperatures, and the physiological processes behind this survival are well documented. Collembola species that are found in snowy environments are also commonly called snow fleas due to their jumping habit and dark color, although these organisms are not fleas.

Studies on Collembola from Israel have been conducted for almost 100 years \[[@B2-biomolecules-09-00532]\], mostly in Mount Carmel over the past two decades. Currently, 128 species of Collembola from Israel are known. A survey of the geographical regions of Israel showed that the highest number of species and individuals are located in the Mount Hermon area, where temperatures reach below −10 °C \[[@B3-biomolecules-09-00532]\]. A new springtail, based on phylogenetic analysis, which we recently found in the snow in the same area, is studied in this report. These springtails are cold-tolerant organisms. In contrast to other arthropods, springtails cannot prevent low-temperature injury by hibernation. Instead, they undergo physiological changes that reduce their freezing temperature and enable their survival at low temperatures \[[@B4-biomolecules-09-00532]\]. Furthermore, numerous Collembola species use protective desiccation as a strategy to avoid freezing in cells. Trehalose has an important contribution to this strategy as a cryoprotectant that maintains membrane integrity \[[@B5-biomolecules-09-00532]\]. Springtails can also decrease the freezing temperatures by producing antifreeze proteins (AFPs) \[[@B6-biomolecules-09-00532],[@B7-biomolecules-09-00532]\]. These AFPs, which are small ice-binding proteins (IBPS), lower the freezing point of a solution by up to a few degrees due to their ice-binding property that causes a difference between the non-equilibrium freezing temperature and the melting temperatures. This is called the thermal hysteresis (TH) gap \[[@B8-biomolecules-09-00532]\], see [Section 3.4](#sec3dot4-biomolecules-09-00532){ref-type="sec"} below. Another way to mitigate freezing injury is by promoting extracellular ice nucleation at low supercooling, which reduces the rate of ice formation inside cells \[[@B9-biomolecules-09-00532]\]. Such ice-nucleating ability has been observed in various studies of the Arctic springtail *Onychiurus arcticus* \[[@B9-biomolecules-09-00532],[@B10-biomolecules-09-00532]\] and the Antarctic midge *Belgica antarctica* \[[@B11-biomolecules-09-00532],[@B12-biomolecules-09-00532]\].

In the current study, we identified the species of the snow flea we found in the Hermon mountain, compared their protein characteristics to known snow flea proteins \[[@B6-biomolecules-09-00532],[@B7-biomolecules-09-00532]\], and characterized their relevant ice activity properties. In particular, we studied the ice nucleation ability of their AFPs. This property was interesting due to the recent study by Eickhoff et al. \[[@B13-biomolecules-09-00532]\], which showed that type III AFPs from fish and AFPs from the Tenebrio molitor beetle (TmAFP) promote ice nucleation in addition to their antifreeze activity.

2. Methods {#sec2-biomolecules-09-00532}
==========

2.1. Sample Collection and Preparation {#sec2dot1-biomolecules-09-00532}
--------------------------------------

Snow fleas were collected from a valley on Mount Hermon, Israel (33.291 N, 35.755 E) at 1450 m above sea level in January 2019 using insect aspirators. Approximately 2000 specimens of Collembola (a mixture of adults and juveniles) were kept in a few glass jars (one jar is shown in [Figure S1](#app1-biomolecules-09-00532){ref-type="app"}) and transported on dry ice. The samples, kept at −80 °C, were subsequently lyophilized and stored at 4 °C in sealed vials. The total mass of the samples after lyophilizing was approximately 120 mg. While having observed Collembola multiple times over many years (2015--2019) at this collection location and at a nearby location (33.308 N, 35.772 E), Collembola has not been observed during several attempts at altitudes (33.307 N, 35.784 E) higher than 2000 m above sea level. See [Figure S1 and Movie S1](#app1-biomolecules-09-00532){ref-type="app"} for images and movies of the snow fleas at the collection location.

2.2. Species Identification {#sec2dot2-biomolecules-09-00532}
---------------------------

A blood and tissue kit (DNeasyBlood & Tissue Kit; Qiagen, Germantown, MD, USA) was used to extract genomic DNA from mitochondria-rich tissues. The 710 bp region of the mitochondrial genome (cytochrome oxidase I (COI)) barcoding region was amplified using a polymerase chain reaction (PCR). The primer sequences used were:

"LOC1490"5′-ATTCAACCAATCATAAAGATATTGG-3′ and

"HCO2198"5′-TAAACTTCTGGATGTCCAAAAAAC-3′ \[[@B14-biomolecules-09-00532]\].

Briefly, the reactions were carried out in 10 μL volumes in a polymerase chain reaction (PCR) thermal cycler (5333 MasterCycler; Eppendorf, Hamburg, Germany) equipped with a 96-well under the following conditions: A first cycle of 95 °C for 5 min followed by 5 cycles of 94 °C for 30 s, annealing at 45 °C for 30 s and 72 °C for 1 min, then 39 cycles of 94 °C for 30 s, annealing at 60 °C for 30 s, and, finally, 72 °C for 5 min. The PCR products were viewed with 1.2% agarose (ChemiDoc MP; in Bio-Rad, Hercules, CA, USA), [Figure S2](#app1-biomolecules-09-00532){ref-type="app"}, and the sequencing was then conducted by HyLabs, Rehovot, Israel, as presented in the [Supplementary Data](#app1-biomolecules-09-00532){ref-type="app"}. Online software from the National Center for Biotechnology Information's (NCBI) basic local alignment search tool (BLAST) was used to check the PCR products. The COI sequences from the samples were compared with reference sequences from the NCBI's and the Barcode of Life Data System's (BOLD) databases to identify the collected specimens \[[@B15-biomolecules-09-00532],[@B16-biomolecules-09-00532]\]. Phylogenetic trees were constructed from all the COI sequences using the Kimura 2-parameter model, NJ K2P, from the software Figtree, Version 1.4.4, \[[@B17-biomolecules-09-00532]\] (Andrew Rambaut, Edinburgh, UK).

2.3. Morphological Analysis Using Cryogenic Scanning Electron Microscopy, Cryo-SEM {#sec2dot3-biomolecules-09-00532}
----------------------------------------------------------------------------------

The morphological analysis of the springtail samples were carried out using a Cryo-SEM device (7800 FE-SEM; JEOL, Tokyo, Japan) at a high voltage of 5 kV. All the samples were rapidly frozen to reduce ice-crystal damage and improve the preservation of the specimens. The specimens were subsequently sputter-coated with carbon to avoid any charging effects.

2.4. Centrifugal Filtration {#sec2dot4-biomolecules-09-00532}
---------------------------

The snow fleas were homogenized in 50 mM Tris-HCl, 150 mM NaCl pH 7, and 1 mM phenylthiocarbamide, containing phenylmethylsulfonyl fluoride (PSMF), and subsequently centrifuged to separate the protein fraction from the extracellular matrices. After centrifugation, the supernatant was added to 50 mM Tris-HCl pH 8 buffer. A 100 kDa molecular weight cut-off centrifugal filter (Vivaspin 500, MWCO 100; Sartorius, Goettingen, Germany) was used to separate molecules of distinct sizes in the crude snow flea extract ([Figure 1](#biomolecules-09-00532-f001){ref-type="fig"}). A stock solution was initially centrifuged at 5000 rpm for \~60 min, and the supernatant was occasionally shaken every 5 min, approximately. The filtrates were subsequently separated from the tube and stored individually \[[@B18-biomolecules-09-00532]\].

2.5. Ice-Affinity Purification {#sec2dot5-biomolecules-09-00532}
------------------------------

The snow flea AFP was purified using the ice-shell affinity purification method \[[@B19-biomolecules-09-00532]\]. We used a small (10 mL) round bottom flask for the purification, as shown in [Figure 2](#biomolecules-09-00532-f002){ref-type="fig"}. Initially, a 1 mL ice shell of double distilled water (DDW) was formed in the flask using a cold bath. A total of 40 mg of \<100 kDa crude lysate solution was diluted in 50 mM of Tris-HCl and 150 mM of NaCl pH 7 buffer to a final volume of 1 mL. This solution was added to the flask, and half of it was frozen. The unfrozen liquid fraction (LF) was removed from the flask, and the 1.5 mL ice fraction (IF1) was melted. A total of 1 mL of the IF1 was then added to a new 1 ml DDW ice shell, and the process was repeated (IF2) in order to fully purify the snow flea AFP from the solution. After melting the 1.5 mL IF2, the solution was concentrated using a centrifugal concentrator (Vivaspin 20; Sartorius, Blenheim, UK).

2.6. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE), Mass Spectrometry, and Protein Concentration Determination {#sec2dot6-biomolecules-09-00532}
-------------------------------------------------------------------------------------------------------------------------------------

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted in a 6% stacking gel and a 16% solving gel following a previously-used procedure \[[@B20-biomolecules-09-00532]\]. Mass spectrometry analysis was performed on a Microflex LT mass spectrometer (Bruker Daltonics, Billerica, MA, USA) using FlexControl software. The protein concentration was determined against bovine serum albumin (BSA) as a standard using a bicinchoninic acid assay (BCA) protein estimation kit (Thermo Scientific, Waltham, MA, USA). Absorption was measured at 550 nm using a microplate reader (Infinite F200; Tecan, Switzerland). For a blank, we used 50 mM of Tris-HCl and 150 mM of NaCl pH 7 buffer \[[@B20-biomolecules-09-00532]\].

2.7. Infrared Spectroscopy {#sec2dot7-biomolecules-09-00532}
--------------------------

Fourier-transform infrared (FTIR) spectroscopy of the samples was undertaken using an FTIR spectrometer (Nicolet 6700; Thermo Scientific) in total reflection mode. The experiment was performed as previously discussed in the literature \[[@B21-biomolecules-09-00532],[@B22-biomolecules-09-00532]\]. Spectra were recorded from 800 cm^−1^ to 1600 cm^−1^ with a spectral resolution of 1 cm. All the samples were air-dried for 30 min inside a laminar flow bench before the FTIR analysis.

2.8. Secondary Structure Estimation {#sec2dot8-biomolecules-09-00532}
-----------------------------------

The \>100 kDa fraction and the \<100 kDa that was further purified on ice-shell fraction (that contained the ice-binding proteins (IBPs)) were dialyzed against 20 mM sodium phosphate at pH 7. Circular dichroism (CD) spectroscopy (Chirascan V100; Applied Photophysics Ltd., Leatherhead, UK) was performed at 4 °C. The spectrum was analyzed using DichroWeb \[[@B23-biomolecules-09-00532],[@B24-biomolecules-09-00532]\].

2.9. Thermal Hysteresis Activity Measurement {#sec2dot9-biomolecules-09-00532}
--------------------------------------------

We used a custom-designed nanoliter osmometer system with a temperature controller (3040; Newport Corp., Irvine, CA, USA) and a customized cooling stage, previously described by \[[@B8-biomolecules-09-00532]\]. The temperature of the cooling stage was regulated by a LabVIEW program developed in our laboratory. Each droplet was measured twice to ensure consistent results.

2.10. Ice Nucleation Measurement {#sec2dot10-biomolecules-09-00532}
--------------------------------

Ice nucleation measurements were performed using the Weizmann Supercooled Droplets Observation on a Microarray (WISDOM) setup, detailed by \[[@B13-biomolecules-09-00532],[@B25-biomolecules-09-00532],[@B26-biomolecules-09-00532]\]. A total of 90 μm diameter droplets containing a solution of AFPs were generated and trapped in a microfluidics device, placed onto a cold stage (THMS600; Linkam), and coupled to an optical microscope (BX-51; Olympus) with ×10 magnification in transmission mode for the freezing experiments. The droplets were surrounded by a 2 wt% mixture of emulsifier (Span 80; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) in light mineral oil (Sigma-Aldrich), which kept the droplets stable during the freezing experiments and prevented interference with the neighboring droplets. The droplets were cooled at a rate of 1 °C min^−1^ and the freezing temperature was determined automatically using an image analysis LabVIEW program for each individual droplet based on the sudden decrease in the droplet's brightness during freezing.

2.11. Ice Nucleation Analysis {#sec2dot11-biomolecules-09-00532}
-----------------------------

The experimental ice nucleation data were analyzed as described previously \[[@B13-biomolecules-09-00532]\]. From the measured curves of the cumulative frozen fraction as a function of temperature, we determined the median freezing temperature, at which 50% of the droplets froze upon cooling, T~50~, for pure water droplets, T~50~(wat); pure buffer droplets, T~50~(buf), and droplets containing various concentrations of IBP in the buffer, T~50~(IBP). The Tris buffer had a significant effect on the T~50~ temperatures (T~50~(wat) = −35.7 ± 0.4 °C and T~50~(buf) = −38.2 ± 0.4 °C) because the solutes decreased both the ice melting point and the homogeneous ice nucleation temperature \[[@B25-biomolecules-09-00532],[@B27-biomolecules-09-00532]\]. Therefore, to compare the heterogeneous ice nucleation temperatures of the IBP, T~het~(IBP) with previous measurements, as well as with theoretical predictions of the critical ice embryo size in pure water, the measured ice nucleation temperatures were corrected for the effect of the buffer, similar to previous studies \[[@B27-biomolecules-09-00532],[@B28-biomolecules-09-00532]\] as follows:$$T_{het}\left( {IBP} \right) = ~T_{50}\left( {IBP} \right) + ~\left\lbrack {T_{50}\left( {wat} \right) - ~T_{50}\left( {buf} \right)} \right\rbrack$$

Hence, the T~het~(IBP) is slightly shifted, similar to the effect by which the buffer decreases the T~50~(wat) of pure water. Note that this treatment also accounts for the effect on freezing temperature, with different buffers or different buffer concentrations. It also allows for a comparison of the heterogeneous ice nucleation temperature and the corresponding critical ice embryo size determined from classical nucleation theory, which is usually calculated for pure water and not for buffer solution. Moreover, a comparison between previously measured ice nucleation temperatures of IBPs and the critical ice embryo from classical nucleation theory (CNT) requires an estimate of the three-dimensional size of the IBP, which was previously estimated from its molecular weight and the protein density, assuming a cubic protein shape, see Eickhoff et al. (2019) for details and corresponding parameterizations \[[@B13-biomolecules-09-00532]\]. For the current proteins, we used the estimated size of the ice binding site of the related protein \[[@B6-biomolecules-09-00532],[@B29-biomolecules-09-00532],[@B30-biomolecules-09-00532]\], see further below.

3. Results {#sec3-biomolecules-09-00532}
==========

3.1. Gene Barcoding {#sec3dot1-biomolecules-09-00532}
-------------------

The mitochondrial genome COI 676-bp fragment has been sequenced (See Methods [Section 2.2](#sec2dot2-biomolecules-09-00532){ref-type="sec"}); however, the 569-bp sequence was used in the current study to reduce any sequencing discrepancy (as shown in the [Supplementary Data](#app1-biomolecules-09-00532){ref-type="app"}). No insertions or deletions were identified in any of the sequences. The nucleotide composition was shown on an Adenine and Thiamine **(**AT) bias (A = 138, T = 219, C = 106, and G = 106), and the Guanine and Cytosine (GC) content was 37.3%. An AT nucleotide bias frequently found in hexapods was also identified. The percentage of AT (62.7%) found in the current study was close to the percentage of 63--64% reported for Antarctic Collembola \[[@B31-biomolecules-09-00532],[@B32-biomolecules-09-00532]\] and significantly less than the 70--75% reported for some insect taxa \[[@B31-biomolecules-09-00532],[@B32-biomolecules-09-00532]\].

The COIs were identified at the species level in the GenBank and BOLD databases. A single neighbor-joining (NJ) tree, featuring the captured Collembola COI sequence, along with reference COI genes from the NCBI database, showed five major clusters corresponding to the Protaphorura, Brachystomellidae, Hypogastrura, Homidia, and Entomobrya families. There were no anomalies among any of these classes, and all the recognized reference samples clustered properly ([Figure 3](#biomolecules-09-00532-f003){ref-type="fig"}). The sequence was also searched against the BOLD database, which tentatively identified the springtail as Poduromorpha and the highest similarity with species *Hypogastruridae* GEN sp. DPCOL27818. We deposited the COI sequence to the GenBank database and it got the accession number Hypogastruridae_COI_Mt_Hermon_Israel MN138431

3.2. Morphological Analysis {#sec3dot2-biomolecules-09-00532}
---------------------------

The specific feature of the Collembolan's cuticle is the comb-like structures described by Helbig et. al. \[[@B33-biomolecules-09-00532]\]. These structures primarily consist of main granules in the form of triangles linked by ridge-forming hexagons ([Figure 4](#biomolecules-09-00532-f004){ref-type="fig"}), which also include rhombic patterns and secondary granules \[[@B33-biomolecules-09-00532]\]. This structure has important functions, such as water-repellence, antimicrobial effects, and self-cleaning. Hydrophobic cuticular micro grains, characteristic of all Collembola, are useful for coping with the cold, minimizing contact with cold substrates, and counteracting inoculative freezing during severe cold conditions \[[@B34-biomolecules-09-00532]\].

In the current study, we found that the collected springtails possessed secondary granules, typical of the cuticle structure of the order Poduromorpha. These secondary granules, exhibiting a basic hexagonal structure, are seen as an adaptation to living in soil \[[@B33-biomolecules-09-00532],[@B34-biomolecules-09-00532]\]. The Cryo-SEM image also showed that the cuticle granule curvature of the collected springtails ([Figure 4](#biomolecules-09-00532-f004){ref-type="fig"}C,D) was similar to that of organisms acclimated to winter \[[@B35-biomolecules-09-00532]\]. Another significant Collembola sensory organ is the post-antennal organ, which has a slightly perforated epicuticle ([Figure 4](#biomolecules-09-00532-f004){ref-type="fig"}A) and is situated near the eyes ([Figure 4](#biomolecules-09-00532-f004){ref-type="fig"}B). Usually, these sensory organs are recognized as hygroreceptors \[[@B33-biomolecules-09-00532]\]. Additional SEM images of the springtails at various magnifications are shown in [Figure S3](#app1-biomolecules-09-00532){ref-type="app"}.

3.3. Separation of Protein Based on Molecular Weight {#sec3dot3-biomolecules-09-00532}
----------------------------------------------------

Based on the centrifugation and size exclusion, the proteins in the snow fleas crude extract were separated. The extract was divided into two fractions: \<100 kDa and \>100 kDa (as shown in [Figure 1](#biomolecules-09-00532-f001){ref-type="fig"}). The SDS-PAGE of the small fraction (\<100 kDa) indicated the presence of a broad range of proteins ([Figure 5](#biomolecules-09-00532-f005){ref-type="fig"}; lane 1). The large fraction SDS-PAGE show a protein at the size of 180 kDa, [Figure S4](#app1-biomolecules-09-00532){ref-type="app"}. We performed ice-shell purification to isolate the ice-binding molecules present in the small fraction \[[@B7-biomolecules-09-00532]\]. We repeated the process twice to increase the purification level. A comparison of molecular weights using SDS-PAGE before and after ice-affinity purification indicated the presence of a characteristic 6.5 kDa band ([Figure 5](#biomolecules-09-00532-f005){ref-type="fig"}; lane 2) after purification, indicative of an AFP, in accordance with the literature \[[@B7-biomolecules-09-00532]\]. Further, mass spectrometry data also confirms the presence of characteristic 6.5 kDa and 15.7 kDa protein molecules ([Figure 5](#biomolecules-09-00532-f005){ref-type="fig"}B). Mass spectrometry data also found an unknown peak at 11 kDa.

To further investigate the properties of the two fractions, we performed sets of physical (ice nucleation activity, TH measurements, and ice-shaping activity) and chemical (FTIR and CD spectroscopy) characterizations.

3.4. Analysis of Protein Secondary Structure {#sec3dot4-biomolecules-09-00532}
--------------------------------------------

### 3.4.1. Fourier-transform infrared spectroscopy (FTIR) Analysis {#sec3dot4dot1-biomolecules-09-00532}

The ice-affinity purified fraction was further investigated using FTIR spectroscopy in total reflection mode \[[@B36-biomolecules-09-00532]\]. The sample was compared with a number of reference compounds, as shown in [Figure 6](#biomolecules-09-00532-f006){ref-type="fig"}. The ice-affinity purified fractions exhibited strong bands between 1600 and 1700 cm^−1^ and 1520--1590 cm^−1^, which are characteristic bands for the amide I and amide II vibrations, respectively \[[@B37-biomolecules-09-00532]\]. The samples did not exhibit any pronounced bands between 900 and 1200 cm^−1^ that are characteristic of saccharide moieties, such as cellulose \[[@B22-biomolecules-09-00532]\], which implied that the molecules were of a proteinaceous nature. Previous studies showed that proteins exhibited absorption bands at 1654 and 1644 cm^−1^, which indicated the presence of an alpha helix and an unordered structure, respectively \[[@B38-biomolecules-09-00532]\]. The IBP fraction exhibited absorption peaks at 1654, 1644, and 1521 cm^−1^. The peak at 1654 cm^−1^ confirmed the presence of an alpha helix. The existence of the amide I (1645 cm^−1^; positive) and amide II (1543.2 cm^−1^; adverse) bands at wavenumber intervals clearly showed that there was a significant amount of secondary structure-oriented components in the IBP`.` An absorption band between 1030 and 1040 cm^−1^ was observed in all the samples due to traces of alcohol remaining after the cleaning of the sapphire slide. The FTIR results for the large fraction are shown in [Figure S5](#app1-biomolecules-09-00532){ref-type="app"}.

### 3.4.2. Circular dichroism (CD) Spectroscopy Analysis {#sec3dot4dot2-biomolecules-09-00532}

The secondary structure of the protein fractions was determined using CD spectroscopy at 4 °C. In-depth secondary structure analysis was carried out using the Dichro Web Server to plot the CD spectra. The IBP fraction exhibited a typical spectrum, with minima at 195 nm and maxima at 210 nm (see [Figure 7](#biomolecules-09-00532-f007){ref-type="fig"}). A similar IBP spectrum was obtained from a previously reported snow-fleas antifreeze protein (sfAFP) \[[@B7-biomolecules-09-00532]\]. The large fraction CD spectroscopy is shown in [Figure S6](#app1-biomolecules-09-00532){ref-type="app"}.

3.5. Measurement of Thermal Hysteresis (TH) {#sec3dot5-biomolecules-09-00532}
-------------------------------------------

As shown in [Figure 8](#biomolecules-09-00532-f008){ref-type="fig"}, the TH activity of the IBP fraction is shown as a function of the concentration of protein. The IBP exhibited a TH activity of 1.8 °C at 0.5 mg/mL (80 µM) ([Figure 8](#biomolecules-09-00532-f008){ref-type="fig"}A), which is similar to the previously reported value of 2.0 °C at 0.3 mg/mL \[[@B6-biomolecules-09-00532]\]. The ice-crystals retained their shape ([Figure 8](#biomolecules-09-00532-f008){ref-type="fig"}B, right) within the TH gap until the bursting of the crystal at lower temperature. The TH values indicated that the IBP is a member of the hyperactive AFPs \[[@B6-biomolecules-09-00532],[@B7-biomolecules-09-00532]\]. We note that the ice shaped to hexagonal morphology during melting ([Figure 8](#biomolecules-09-00532-f008){ref-type="fig"}B), which is also a characteristic of hyperactive AFPs in general and of the snow flea AFP in particular (see [Figure 4](#biomolecules-09-00532-f004){ref-type="fig"}f in \[[@B39-biomolecules-09-00532]\]). The crystals in [Figure 8](#biomolecules-09-00532-f008){ref-type="fig"}B have the c-axis perpendicular to the plane of the image. The thermal hysteresis results of the large fraction (\>100 kDa) were low, up to 0.1 °C, and are shown [Figure S7](#app1-biomolecules-09-00532){ref-type="app"}.

3.6. Ice Nucleation Activity {#sec3dot6-biomolecules-09-00532}
----------------------------

The ability to initiate ice in supercooled nanoliter droplets was determined using the WISDOM setup for IBP solutions of various concentrations in a Tris buffer. The median freezing temperature, T~50~, where 50% of the droplets of pure 50 mM of Tris-HCl and 150 mM of NaCl pH 7 buffer froze and was determined to be −38.2 ± 0.4 °C, which, due to the colligative effect of the dissolved salts, was colder than the T~50~ (−35.7 ± 0.4 °C) of pure water droplets.

[Figure 9](#biomolecules-09-00532-f009){ref-type="fig"}A shows the cumulative fraction of frozen droplets, f~ice~, as a function of the temperature of the IBP fraction. Four concentrations of IBP were investigated, ranging from 0.03 to 0.5 mg mL^−1^, and a clear dependence of the freezing temperature on the IBP concentration was observed. Higher concentrations exhibited higher freezing temperatures with T~50~ values ranging from −37.2 to −35.7 °C. In [Figure 9](#biomolecules-09-00532-f009){ref-type="fig"}B, we show the density of ice-active sites (n~m~) per IBP mass as a function of temperature. Higher n~m~ values reflect a more active ice-nucleating material. The n~m~ is based on the cumulative f~ice~ function and was calculated considering the mass of IBP per droplet to account for the effect of IBP concentration on the freezing activity \[[@B40-biomolecules-09-00532],[@B41-biomolecules-09-00532]\]. As a result, the data for the four different IBP concentrations, shown as f~ice~ in [Figure 8](#biomolecules-09-00532-f008){ref-type="fig"}A, all collapsed onto a single n~m~ curve ([Figure 9](#biomolecules-09-00532-f009){ref-type="fig"}B), clearly supporting the interpretation that the IBPs are indeed the entities that are responsible for the observed ice nucleation. Nucleation experiments of the large fraction (\>100 kDa) are shown in [Figure S8](#app1-biomolecules-09-00532){ref-type="app"}.

As presented in [Figure 10](#biomolecules-09-00532-f010){ref-type="fig"}, the ice nucleation temperatures of the Collembola IBP (magenta) were compared with those of other AFPs and typically much larger ice-nucleating proteins and polysaccharides (green). The ice nucleation temperature range of −34.7 to −33.2 °C of the Collembola IBP is very similar to those of the type-III antifreeze protein from Arctic ocean pout fish (AFP-III in [Figure 10](#biomolecules-09-00532-f010){ref-type="fig"}) and the hyperactive antifreeze protein from the insect *Tenebrio Molitor* (*Tm*AFP); both were recently measured also using WISDOM \[[@B13-biomolecules-09-00532]\]. Both of these investigated proteins have similar molecular weights (8.1 kDa and 8.4 kDa for type-III AFP and *Tm*AFP, respectively) to the main IBP extracted from the Collembola and also observed on the SDS-PAGE gel (6.5 kDa), which suggests that their active sites for ice nucleation are of a similar size, estimated to be about 2 nm. In detail, we estimated the size of the ice-binding site of the 6.5 kDa Collembola IBP using the structure given by \[[@B6-biomolecules-09-00532],[@B30-biomolecules-09-00532]\]. The rectangular ice-binding site has a size of about 1.7 by 4.7 nm. Such a surface may accommodate a spherical ice cap of 1.7 nm diameter, limited by the shorter length of the ice-binding site. Any larger ice cap must assume an ellipsoidal shape with the two diameters representing the smaller and larger length of the rectangular ice-binding site, i.e., d~1~ = 1.7 nm and d~2~ = 4.7 nm. In order to represent these two ellipsoidal diameters by a single equivalent spherical diameter d~eq~ that can be compared to the spherical ice cap calculation from CNT, we use a version of the Young--Laplace equation, $d_{eq} = 2 \cdot {(1/d_{1} + 1/d_{2})}^{- 1}$, resulting in a value of d~eq~ = 2.5 nm. Hence, we estimate the size of the 6.5 kDa IBP binding site to be between 1.7 and 2.5 nm, and we have indicated that range in [Figure 10](#biomolecules-09-00532-f010){ref-type="fig"} by the vertical magenta bar. [Figure 10](#biomolecules-09-00532-f010){ref-type="fig"} also shows, as a grey line, the size (diameter) of the critical spherical ice cap formed on the protein surface with a contact angle γ of 45°, as predicted by CNT calculations \[[@B13-biomolecules-09-00532],[@B40-biomolecules-09-00532]\]. The newly obtained ice nucleation data for the Collembola IBP is in accordance with the predicted gray line in [Figure 10](#biomolecules-09-00532-f010){ref-type="fig"}, similar to the experimental data for the previously investigated AFPs. They are also in the range of ice nucleation temperatures for AFPs of a similar size obtained from recent molecular dynamics simulations using the monoatomic water (mW) model \[[@B42-biomolecules-09-00532]\].

4. Discussion {#sec4-biomolecules-09-00532}
=============

Collembola species are ubiquitous and their location may play a significant role in their structure and genetics \[[@B43-biomolecules-09-00532]\]. In this study, a new Collembola species was collected from the Mount Hermon region. According to previous studies \[[@B1-biomolecules-09-00532],[@B33-biomolecules-09-00532],[@B35-biomolecules-09-00532]\], differences in cuticle patterns characterize the Collembola species. Cyro-SEM examination of the Collembola cuticles collected in the current study suggests that they are typical of the order Poduromorpha. Our study reveals that the collected Collembola species also demonstrate a distinctive hydrophobic cuticular micro-grain surface (shown in [Figure 4](#biomolecules-09-00532-f004){ref-type="fig"}), similar to the previously observed \[[@B44-biomolecules-09-00532]\]. This cuticular structure may be useful in coping with a cold environment and minimize contact with cold surroundings in Mount Hermon during the winter season.

In order to confirm the morphological characteristics from a taxonomic aspect, phylogenetic analysis was carried out using the COI gene. The COI gene is the most targeted mitochondrial DNA gene due to its high intraspecific diversity, which give it a well-established molecular identification \[[@B45-biomolecules-09-00532]\]. The morphology and genetic data suggest homogeneity with hypogastruridae species from the order Poduromorpha. In addition, the BOLD analysis also revealed that the species is very closely related to the hypogastruridae species of order Poduromorpha previously reported in Russia \[[@B46-biomolecules-09-00532]\].

Various studies of Collembola (and other hexapods) that live in cold climates have indicated the presence of ice-nucleating agents and hyperactive AFPs \[[@B9-biomolecules-09-00532]\]. Here, an antifreeze fraction was separated using size exclusion and ice-affinity purification, resulting in a single band in SDS-PAGE gel. While we expected to see two bands, according to \[[@B7-biomolecules-09-00532]\], a strong band at 6.5 kDa and a weak band at 15.7 kDa, we observed only the strong band at \~6.5 kDa in SDS-PAGE. Nevertheless, the mass spectrometry measurement shows a strong peak at 6.58 kDa and a weaker peak (20% of the 6.58 peak) at 15.73 kDa. We also observed an unknown weak peak (6% of the 6.58 peak) at 11.22 kDa. This peak, which is close to the average of the two protein masses (6.58 + 15.73)/2 = 11.16, may be an artefact from the mass spectrometer reading. We therefore assume that the larger protein was not observed on the SDS-PAGE gel due to its smaller amount.

FTIR spectroscopy analysis \[[@B35-biomolecules-09-00532],[@B36-biomolecules-09-00532]\] was used to identify the secondary protein structures of the collected protein fractions. The FTIR analysis was performed in the 800 to 1800 cm^−1^ region. The ice shell purified fraction showed spectra at 1600--1700 cm^−1^ and 1520--1590 cm^−1^, which indicated that the ice-binding portion exhibits bands specific to an alpha helix. This result is in accordance with the previously reported ice-binding protein extracted from snow fleas \[[@B7-biomolecules-09-00532]\]. We further analyzed the protein by a CD band in the far-ultraviolet region, 195--260 nm, which contained the information of the skeleton structure of the proteins. The results indicate that the ice binding protein has a CD spectrum very similar to that of the sfAFP (6.5 kDa), as previously reported \[[@B7-biomolecules-09-00532],[@B47-biomolecules-09-00532]\]. We also analyzed the large fraction (\>100 kDa). Due to the partial information we obtained for the identification of the proteins, we presented the results of the large fraction in the [Supplementary Data](#app1-biomolecules-09-00532){ref-type="app"}.

We examined the TH activity, an important characteristic of AFPs, of our samples. The experiments reveal that the IBPs have a high TH activity of more than 3 °C at a concentration of 1 mg/mL, which confirms that the ice-shell purified proteins are hyperactive AFPs. Our study shows that the crystal shape obtained in the presence of IBPs during melting is consistent with our previous studies on hyperactive antifreeze proteins \[[@B39-biomolecules-09-00532]\].

In this study, we have shown for the first time the ice nucleation activity of snow flea IBPs. The INA increased with the concentration of IBP in the solution, which led to warmer nucleation temperatures and a higher number of nucleation events at a particular temperature. This study supports previous findings of the contrasting behaviors of AFPs that can inhibit the growth of existing ice crystals and can also initiate the nucleation of new ice crystals in supercooled solutions \[[@B13-biomolecules-09-00532],[@B42-biomolecules-09-00532],[@B48-biomolecules-09-00532]\]. As noted above, we observed two different IBPs in the ice-nucleating fraction: A 6.5 kDa IBP confirmed by SDS-PAGE and mass spectroscopy and a 15.7 kDa IBP confirmed by mass spectrometry. Above, we have attributed the ice nucleation activity to the more abundant 6.5 kDa IBP. Here, we discuss the likelihood that the ice nucleation was actually due to the 15.7 kDa IBP. We did the same analysis described above to determine the representative size of the ice-binding site of the 15.7 kDa IBP. According to Mok et. al. \[[@B29-biomolecules-09-00532]\], the ice-binding site may be represented by a rectangular site of 3.4 by 4.6 nm. Such a rectangle can accommodate a spherical ice cap of 3.4 nm in diameter or an ellipsoidal ice cap with diameters d~1~ = 3.4 nm and d~2~ = 4.6 nm, resulting in an equivalent spherical diameter of d~eq~ = 3.9 nm. We have added this size range as the cyan vertical range in [Figure 10](#biomolecules-09-00532-f010){ref-type="fig"} together with a horizontal temperature range observed in the ice nucleation temperature experiment. Clearly, this 15.7 kDa data point (cyan) is significantly higher than that of the 6.5 kDa IBP (magenta) and, more importantly, is also significantly higher than the grey line obtained from the theory. This comparison implies that ice nucleation by the 6.5 kDa IBP is consistent with calculations of the ice cap radius by CNT, while ice nucleation by the 15.7 kDa IBP would contradict the CNT approach. Hence, we consider it more likely that the 6.5 kDa IBP is indeed the ice-nucleating protein, which is also in agreement with the fact that it is more abundant in the investigated solutions: It gives a strong signal in the SDS-PAGE (see [Figure 5](#biomolecules-09-00532-f005){ref-type="fig"}A), while the 15.7 kDa IBP does not. In addition, the 6.5 kDa peak in the mass spectrum is substantially more prominent than that of the 15.7 kDa IBP. Nevertheless, we note that a definite proof of this suggestion requires further experiments that we leave for future detailed analysis.

5. Conclusions {#sec5-biomolecules-09-00532}
==============

A new Collembola species was found in Mount Hermon, a snow flea which contains ice-binding proteins (IBPs). The SDS-PAGE and mass spectrometry revealed the presence of a 6.5 kDa IBP, and mass spectrometry also showed small amounts of a 15.7 kDa IBP. These protein masses, as well as the CD spectrum, are similar to those of IBPs extracted from snow fleas collected in Canada \[[@B7-biomolecules-09-00532]\]. This finding indicates possible conserved snow flea proteins worldwide. Thermal hysteresis measurements indicate that the IBPs are hyperactive antifreeze proteins. In addition, a sensitive nucleation experiment showed a low ice nucleation activity. This ice nucleation activity is most likely due to the smaller but more abundant 6.5 kDa IBP. Therefore, our results support the concept that ice-binding proteins also have heterogeneous ice nucleation activity. As the presence of the larger IBPs in small concentrations seems not to influence the ice nucleation temperature, it may be useful in future studies to investigate the lower detection limit of the ice nucleation activity as a function of concentration.
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![Schematic representation of the separation process used in the current study using the membrane cut-off base principle.](biomolecules-09-00532-g001){#biomolecules-09-00532-f001}

![Ice-shell purification using a 10 mL round bottom flask.](biomolecules-09-00532-g002){#biomolecules-09-00532-f002}

![(**A**) Phylogenetic analysis using the neighbor-joining method of uncorrected p-distances based on the 596-bp fragment of the COI gene. (**B**) Image of a Collembola on snow prior to collection.](biomolecules-09-00532-g003){#biomolecules-09-00532-f003}

![SEM images of a springtail. (**A**) and (**B**) magnified view of the compound eyes of a springtail, including microscale hairs and so-called secondary granules, with a scale bar of 10 microns. (**C**) Magnified image of a snow flea cuticle showing the network pattern of lower primary granules located between the secondary granules. (**D**) Magnified view of a springtail's dorsal cuticle. The scale bar for (**C**) and (**D**) is 1 micron.](biomolecules-09-00532-g004){#biomolecules-09-00532-f004}

![(**A**) Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) image of an ice-binding fraction below 10 kDa. Lane 1 shows the crude extra without any purification, lane 2 shows the ice-binding fraction after a two-run of ice-shell purification (IF2), and the lane 3 Precision Plus Protein™ Dual Color Standards (Bio-Rad) (**B**) mass spectroscopy data shows characteristic peaks as 6.5 kDa, 15.7 kDa and an unknown peak at 11.2 kDa.](biomolecules-09-00532-g005){#biomolecules-09-00532-f005}

![Fourier-transform infrared spectra of the samples between the 1800 and 800 cm^−1^ spectral region. The acronyms used in the figure title: Bovine serum albumin (BSA), Tenebrio molitor antifreeze protein-maltose binding protein chimera (*Tm*AFP*-*MBP), type III fish antifreeze protein (QAE-AFP-III), and the current article purified ice-binding protein (IBP).](biomolecules-09-00532-g006){#biomolecules-09-00532-f006}

![Circular dichroism spectroscopy data of the ice-binding protein (IBP) fraction obtained in the current study and the snow flea 6.5 kDa antifreeze protein reported by \[[@B7-biomolecules-09-00532]\].](biomolecules-09-00532-g007){#biomolecules-09-00532-f007}

![(**A**) Thermal hysteresis activity as a function of the concentration of the ice-binding protein (IBP) fraction after ice-affinity purification. (**B**) Ice morphology in the presence of IBP fraction during melting at a concentration of 0.25 mg/mL (40 µM). The time difference between the L and R image is 1.9 s.](biomolecules-09-00532-g008){#biomolecules-09-00532-f008}

![Ice nucleation of IBP solutions. (**A**) Frozen fraction as a function of temperature for various IBP concentrations (purple shades) and the Tris buffer (dark grey). (**B**) The density of ice-active sites (n~m~) per IBP mass as a function of temperature.](biomolecules-09-00532-g009){#biomolecules-09-00532-f009}

![Heterogeneous ice nucleation temperatures for various biological molecular ice nucleators in relation to their size. Magenta = range of median freezing temperatures (adjusted for the effect of the buffer) for Collembolan ice-binding protein (IBP at 6.5 kDa) solutions of different concentrations as determined in the current study. Green = data for IBPs and ice-nucleating proteins (INPs) from previous publications; two recently investigated IBPs from a fish (AFP-III) and an insect (*Tm*AFP) are indicated (see \[[@B13-biomolecules-09-00532]\] for the data sources). The cyan data point indicates the size of the 15.7 kDa IBP protein at the observed ice nucleation temperature (note that we consider it unlikely that the freezing was indeed due to this 15.7 kDa IBP, see the end of the discussion section in the main text). The grey line corresponds to the size (diameter) of the critical spherical ice cap formed on the protein surface with a contact angle γ of 45° of ice to the protein surface as predicted from CNT calculations (see the text above and [Section 3.4](#sec3dot4-biomolecules-09-00532){ref-type="sec"} for details).](biomolecules-09-00532-g010){#biomolecules-09-00532-f010}
